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fluorescence imaging of vesicles labeled with a mem-
brane dye such as FM1-43 (Cochilla et al., 1999) or a GFP
fusion protein such as synapto-pHluorin (Ryan, 2001).
These imaging methods have lower time-resolution than
the capacitance technique, although the use of synapto-
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pHluorin has recently been improved to detect retrieval
of individual vesicles (Gandhi and Stevens, 2003).
We describe a new imaging approach for assayingSummary
exocytosis and endocytosis in real time that overcomes
several disadvantages of the capacitance technique.We describe a new approach for making real-time
measurements of exocytosis and endocytosis in neu- The method uses interference reflection microscopy
(IRM) to visualize areas of destructive interference oc-rons and neuroendocrine cells. The method utilizes
interference reflection microscopy (IRM) to image sur- curring when light is reflected from the region of surface
membrane in close apposition (100 nm) to a glassface membrane in close contact with a glass coverslip
(the “footprint”). At the synaptic terminal of retinal bi- coverslip (Curtis, 1964; Gingell and Todd, 1979; Weber,
2003). IRM has been used to study cell adherence andpolar cells, the footprint expands during exocytosis
and retracts during endocytosis, paralleling changes motility (Niewohner et al., 1997; Anderson and Cross,
2000) and the expulsion of water from contractile vacu-in total surface area measured by capacitance. In
chromaffin cells, IRM detects the fusion of individual oles in Dictyostelium amoebae (Heuser et al., 1993; Betz
et al., 1996). We now demonstrate two ways in whichgranules as the appearance of bright spots within the
footprint with spatial and temporal resolution similar IRM can be used to study exocytosis and endocytosis.
At synapses releasing transmitter from small vesicles,to total internal reflection fluorescence microscopy.
Advantages of IRM over capacitance are that it can IRM can be used to monitor changes in the area of
close contact (the “footprint”) that occur when vesiclesmonitor changes in surface area while cells are electri-
cally active and it can be applied to mammalian neu- collapse into the surface membrane or are retrieved
by endocytosis. IRM measurements of exocytosis androns with relatively small synaptic terminals. IRM re-
veals that vesicles at the synapse of bipolar cells endocytosis at the giant terminal of goldfish bipolar cells
agree quantitatively with those obtained using the ca-rapidly collapse into the surface membrane while se-
cretory granules in chromaffin cells do not. pacitance technique. Distinctly different signals are ob-
tained from chromaffin cells releasing the contents of
dense-core granules: in this case IRM visualizes fusionIntroduction
of individual granules as the appearance of discrete
bright spots within the footprint. The ability of IRM toCalcium-triggered exocytosis of neurotransmitters and
neuromodulators underlies fast communication at syn- resolve fusion of single granules in space and time is
similar to total internal reflection fluorescence micros-apses and the long-term regulation of neuronal excitabil-
ity (Katz, 1969; Hille, 1992). The importance of these copy (TIRFM; Steyer et al., 1997; Duncan et al., 2003).
IRM overcomes two major drawbacks of the capaci-secretory processes has stimulated the development
of a number of methods for assaying exocytosis and tance technique. First, exocytosis and endocytosis can
be investigated while voltage-sensitive conductancesendocytosis in neurons and neuroendocrine cells in real
time (Betz et al., 1996; Angleson and Betz, 1997). One of are active because the cell does not need to be voltage
clamped. We take advantage of this to measure exo-the most direct methods is the capacitance technique,
which measures changes in membrane surface area as- cytosis in bipolar cells stimulated by current injection
and demonstrate that exocytosis during normal electri-sociated with fusion and retrieval of vesicles (Neher and
Marty, 1982). Capacitance measurements of exocytosis cal activity occurs at rates at least 10-fold slower than
the maximum. Second, measurements can be madeand endocytosis at the synapse have been confined to
a few neurons with giant terminals, such as bipolar cells from neurons with small synaptic terminals and complex
morphologies. We take advantage of this to investigatefrom the goldfish retina (von Gersdorff and Matthews,
1994), frog hair cells (Parsons et al., 1995), and the Calyx exocytosis and endocytosis in the synaptic terminal of
bipolar cells from the mouse retina. Application of IRMof held in slices of rat brainstem (Sun and Wu, 2001).
One drawback of the capacitance technique is that mea- to the study of secretion provides a new approach that
is relatively cheap and easy to implement but can alsosurements can be unreliable if the cell does not behave
as a single electrical compartment (Gillis, 1995). A sec- be used in conjunction with fluorescence imaging tech-
niques such as confocal microscopy and TIRFM.ond limitation is that exocytosis cannot be monitored
during normal electrical activity because voltage-sensi-
tive conductances, such as sodium and calcium chan- Results
nels, can generate spurious signals (Horrigan and Book-
man, 1994; Gillis, 1995). Alternative approaches for Exocytosis in a Giant Synaptic Terminal
studying exocytosis and endocytosis generally involve Monitored by IRM
The principles of IRM and the implementation we used
are shown in Figures 1A and 1B and described in the*Correspondence: ll1@mrc-lmb.cam.ac.uk
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Figure 1. Interference Reflection Microscopy
at the Giant Synaptic Terminal of Bipolar Cells
from the Goldfish Retina
(A) Schematic diagram showing the basic
principle of interference reflection micros-
copy (IRM), which is described in Experimen-
tal Procedures.
(B) Diagram showing our simple implementa-
tion of IRM. Note that we did not use the
antiflex method (Ploem, 1975) to enhance
contrast.
(C) Transmitted light image of the giant syn-
aptic terminal of a depolarizing bipolar cell
isolated from the retina of goldfish (a) and
corresponding IRM image showing the “foot-
print” where membrane is in close apposition
to glass (b).
(D) Difference images showing the footprint
in (C) at rest (a), 0.5 s after the start of depolar-
ization (b), and 15.5 s after the end of the
stimulus (c). The outlines of the footprints are
shown in (d). The red outline shows the ex-
panded footprint in (b). The stimulus was a
depolarization of 500 ms.
(E) The time course of the change in area of
the footprint in (D) as a percentage of the area
at rest. The timing of the depolarization is
shown by the solid bar.
Experimental Procedures. Figure 1C shows a transmit- After the closure of Ca2 channels, the footprint re-
tracted (Figure 1Dc). This response is shown as moviested light image of the giant terminal of a bipolar cell
isolated from the retina of a goldfish and an IRM image of raw and difference images (see Supplemental Movies
S1 and S2 at http://www.neuron.org/cgi/content/full/40/of the same terminal. The dark “footprint” is the area
where the close proximity of membrane to glass caused 6/1075/DC1). The raw images were used to quantify
changes in the area of the footprint using a simple algo-reflected light to undergo destructive interference. Video
imaging demonstrated that this footprint expanded on rithm that counted the number of pixels in the footprint
that fell below a threshold (Experimental Procedures).the coverslip when the cell was depolarized. An example
of such a response is shown in Figure 1D as a series of Figure 1Dd shows the outlines of the footprint calculated
in this way for frames a, b, and c, and Figure 1E shows“difference images” obtained by subtracting an aver-
aged resting image from each subsequent video frame the full time course of the changes in area.
Expansion of the footprint in response to depolariza-(Experimental Procedures). The stimulus was a 500 ms
depolarization to 10 mV, a potential at which the Ca2 tion was triggered by an internal action of Ca2. Figure
2A (black trace) shows the average response to a 500current was activated maximally. The difference image
immediately before stimulation was uniformly gray (Fig- ms depolarization obtained from cells dialyzed through
a patch pipette containing 0.4 mM BAPTA as the Ca2ure 1Da), but depolarization caused the appearance of
a dark area due to the expansion of the footprint and buffer. Capacitance measurements show that the exo-
cytic response in the presence of 0.4 mM BAPTA isthe approach of membrane to the coverslip (Figure 1Db).
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Figure 2. Expansion of the Footprint Was
Caused by Ca2-Triggered Exocytosis
(A) Averaged responses to a 500 ms depolar-
ization recorded with patch pipettes con-
taining 0.4 mM BAPTA (black trace, n  19)
or 10 mM BAPTA (red, n  7). The averaged
Ca2 currents are shown below. Patch pi-
pettes were sealed to the cell body.
(B) Averaged responses to a 500 ms depolar-
ization recorded with patch pipettes con-
taining 0.4 mM BAPTA sealed to the cell body.
Control responses (black) are compared with
those in which the patch pipette contained
500 nM BoNT-E (red) at the following times
after beginning whole-cell dialysis: 1 min (n
19 and 4, respectively), 5 min (n  9 and 13),
and 10 min (n  8 and 9). Averaged Ca2
currents are shown below. Scale bars equal
200 pA and 0.5 s.
(C) Peak increases in the area of the footprint,
measured from experiments in (B). BoNT-E
significantly inhibited release after 5 min (t
test; p  0.03) and 10 min (p  0.0001). After
5 min, the series resistance averaged 15  2
M in control recordings and 11  1 M
in recordings with BoNT-E. After 10 min, the
series resistance averaged 18 3 M in con-
trol recordings and 15  2 M with BoNT-E.
roughly equivalent to that in the presence of endoge- IRM Provided a Quantitative Measure
of Exocytosis and Endocytosisnous Ca2 buffers, and this reponse is blocked by in-
creasing the concentration of BAPTA above 5 mM (Bur- Changes in the area of the footprint measured by IRM
showed several key similarities with exocytic responsesrone et al., 2002). Figure 2A shows that increasing the
concentration of BAPTA inside the terminal to 10 mM measured using other real-time methods. For instance,
a depolarization lasting 5 s caused the footprint to ex-also blocked expansion of the footprint (red trace).
Was expansion of the footprint due to Ca2-triggered pand in three phases, mirroring the three phases of
exocytosis observed by rapidly staining vesicular mem-exocytosis? To test this possibility, we introduced the
light chain of botulinum neurotoxin E (BoNT-E), a metal- brane with FM1-43 (Neves and Lagnado, 1999; Neves et
al., 2001b). Figure 3A shows an example of an individualloprotease that selectively cleaves SNAP-25 and pre-
vents formation of the SNARE complex required for vesi- response in which the area of the footprint increased
by 1.3% in the first 40 ms, followed by a steady increasecle fusion (Xu et al., 1998; Schiavo et al., 2000). Figure 2B
shows averaged responses to 500 ms stimuli obtained at of 1.5% s1 over 2.5 s, then a continuous slow increase
at a rate of 0.22% s1. The first two phases of exocytosisvarious times after the beginning of whole-cell dialysis
with patch pipettes containing 500 nM BoNT-E. As in measured by IRM are shown more clearly in Figure 3B,
which is an averaged response to a 500 ms depolariza-Figure 2A, pipettes were sealed to the cell body. The
peak amplitude of these responses are shown in Figure tion obtained from 19 terminals. The initial jump in the
area of the footprint averaged 1.6% (arrowed), in agree-2C. In control cells, expansion of the footprint exhibited
a small amount of rundown during the first 10 min of ment with capacitance measurements showing that ex-
ocytosis of the rapidly releasable pool of vesicles (RRP)dialysis (de Kock et al., 2003). In the presence of BoNT-E,
responses were significantly inhibited within 5 min of increases the surface area of the terminal by 1%–2%
within 20 ms (Mennerick and Matthews, 1996; Burronebeginning of whole-cell dialysis (p  0.03 at 5 min and
p  0.0001 after 10 min; unpaired t test). The results in et al., 2002). The second phase of expansion of the
footprint also agreed with capacitance measurements,Figure 2 demonstrate that expansion of the footprint
in response to depolarization was due to exocytosis which show that a 500 ms depolarization increases the
surface area of the terminal by about 3%–5% (von Gers-triggered by Ca2.
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Figure 3. Changes in the Area of the Foot-
print Closely Reflected the Kinetics of Exo-
cytosis and Endocytosis
(A) Single response triggered by a 5 s depo-
larization (black bar). Three phases of exo-
cytosis were observed. First, release of the
RRP increased the area by 1.8% (arrow). Sec-
ond, the area increased at a rate of 1.47% s1
(red line) for 2.5 s. The third phase occurred at
0.22% s1 (green line). The area continued to
increase for3 s after the end of the stimulus
before recovering back to baseline.
(B) Average response to a 500 ms depolariza-
tion (n  19 cells). Release of the RRP in-
creased the area of the footprint by 1.6%
(arrow). The second phase of exocytosis oc-
curred at a rate of 2.2% s1.
(C) Average response triggered by a 5 s depo-
larization (black trace, n  10). The averaged
FM1-43 signal generated by the same stimu-
lus in another group of cells is shown in red
(n  19, from Neves et al., 2001b).
(D) Single response triggered by a 20 ms de-
polarization (at arrow). The recovery phase
could be described as a single exponential
with a time constant of 1.1 s.
(E) Comparison of the averaged time course
of endocytosis measured by IRM (black trace)
and capacitance (red trace) in the same group
of 8 cells. The stimulus was a 0.5 s depolariza-
tion (bar).
(F) The traces from (E) on an expanded time
scale to illustrate the fast and slow phases
of exocytosis. Arrow marks the capacity of
the RRP.
dorff et al., 1998; Neves and Lagnado, 1999). A further tween exocytosis and endocytosis, while FM1-43 mea-
sures the total amount of exocytosis because vesiculardistinctive feature of the response to a long stimulus
was the continued slow increase in the area of the foot- membrane remains stained whether it stays at the sur-
face or is retrieved. The difference between FM1-43print for a few seconds after the closure of Ca2 channels
(Figures 2A, 3A, and 3B). A period of asynchronous exo- and IRM signals might therefore be used to monitor
endocytosis occurring during stimulation of exocytosis,cytosis driven by residual Ca2 has also been observed
by using “sniffer” cells to detect glutamate release (von in the same way that FM1-43 and capacitance signals
have been compared to make independent measure-Gersdorff et al., 1998), as well as the capacitance and
FM1-43 techniques (Neves and Lagnado, 1999; Zenisek ments of exocytosis and endocytosis in chromaffin cells
(Smith and Betz, 1996) and bipolar cells (Neves andet al., 2000; Neves et al., 2001b).
A direct comparison between the measurements ob- Lagnado, 1999).
To make a direct comparison of the measurementstained using IRM and FM1-43 is shown in Figure 3C,
which plots averaged responses from two separate obtained using IRM and capacitance, we applied the
two techniques simultaneously in a group of 8 cellsgroups of cells. The increase in FM1-43 fluorescence
was caused by stimulation of exocytosis in the presence (Experimental Procedures). The black trace in Figure 3E
is the average change in the area of the footprint elicitedof the dye (Smith and Betz, 1996). The new membrane
stained by FM1-43 was expressed as a percentage of by a 500 ms depolarization, and the red trace is the
corresponding capacitance response. These traces arethe resting surface area of the terminal by normalization
to the fluorescence of the surface membrane measured shown on an expanded timescale in Figure 3F. Again,
the rapid jump in the area of the footprint averaged 1.6%immediately before stimulation (as described by Neves
and Lagnado, 1999). The FM1-43 and IRM responses (arrowed). The peak capacitance increase averaged 160
fF when the footprint expanded by 3.4%. In comparison,agreed closely at short delays, but at later times the
FM1-43 signal continued to rise while the area of the Neves and Lagnado (1999) measured an average capac-
itance response of 105 fF in a group of terminals withfootprint tended to plateau. After closure of Ca2 chan-
nels, FM1-43 fluorescence remained steady while the a resting capacitance of 3.1 pF, also yielding a relative
area increase of 3.4%. The terminals used in the presentfootprint retracted. The divergence between FM1-43
and IRM measurements was similar to the difference study may have been larger than those used by Neves
and Lagnado (1999) because we purposefully selectedbetween FM1-43 and capacitance signals observed by
Neves and Lagnado (1999). The divergence is expected cells with large footprints so as to measure area changes
with better signal-to-noise.because IRM and capacitance measure changes in
membrane surface, reflecting the net difference be- IRM and capacitance responses after a 500 ms stimu-
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lus peaked simultaneously and then declined over simi-
lar time courses (Figure 3E). After a briefer stimulus,
retraction of the footprint was faster. Figure 3D shows
a single response to a depolarization lasting 20 ms. The
RRP in this terminal was unusually large (about 4%), but
the area of the footprint recovered to baseline with a
time constant of 1.1 s. Capacitance measurements also
show that a brief stimulus is followed by a fast mode of
endocytosis with a time constant of 1–2 s (von Gersdorff
and Matthews, 1994; Neves and Lagnado, 1999; Neves
et al., 2001a). We conclude that retraction of the footprint
followed the time course of endocytosis.
Taken together, the results in Figure 3 show that
changes in the area of the footprint measured by IRM
closely followed the kinetics of exocytosis and endocy-
tosis measured by other real-time methods. There was
also a close quantitative agreement between the
amounts of exocytosis when averaged results were
compared. Changes in surface area measured by IRM
and capacitance did not, however, always show good
agreement within individual cells. Thus, while the aver-
age amplitude of the RRP was equivalent to about 1.6%
of the surface area (Figures 3B and 3F), responses to
Figure 4. Exocytosis and Endocytosis Measured during Electrical20 ms depolarizations varied from zero (not shown) to Activity
4% (Figure 3D). Variability in the size of the RRP mea-
(A) Recordings of membrane voltage (Vm) and changes in the area
sured within individual footprints was not unexpected of the footprint in a bipolar cell under current clamp. Current injec-
because the average footprint represented only 7% of tions of 2 pA and 20 pA were applied for 5 s (bars).
the surface area of a terminal (Experimental Procedures) (B) Comparison of the increase in membrane area measured under
current clamp (2 pA current; black trace, n  4) and voltage clampand therefore sampled exocytosis from an average of
(depolarization to 10 mV; red trace, n  10). The slope of the linesonly 2–3 active zones from a total of about 34 (Llobet
describing the second phase of exocytosis were 0.39% s1 (blacket al., 2003).
line) and 3.9% s1 (red).
Exocytosis Measured during Electrical Activity
Capacitance measurements cannot be made from potentials with that at 10 mV is shown in Figure 4B.
The averaged response to a 2 pA step (black trace)whole-cell recordings while voltage-sensitive conduc-
tances, such as Ca2 channels, are active (Gillis, 1995). caused an increase in surface area of about 1.5%, indi-
cating that endocytosis quickly balanced exocytosis.Figures 1–3 demonstrate that IRM overcomes this draw-
back, providing a continuous readout of changes in sur- The rapid phase of release at 10 mV (red trace) was
about three times the size of the initial response to theface area during stimulation. This advantage of the IRM
technique allowed us to investigate exocytosis in bipolar current step and the second phase of release was 10
times faster. Endocytosis did not balance exocytosiscells while their intrinsic conductances were active. This
is of interest because few studies of exocytosis by these until the net increase in surface area had reached about
9%. These results demonstrate that normal rates of exo-neurons have investigated the properties of exocytosis
at physiological membrane potentials. In the retina, the cytosis at the terminal of bipolar cells are far below the
maximum that this ribbon synapse can support.effect of light is to inject current into depolarizing bipolar
cells by causing the opening of cation channels in the
dendrites. L-type Ca2 channels activate around 43 Exocytosis and Endocytosis in the Synaptic
Terminal of a Neuron from the Mouse RetinamV, but the strongest lights do not depolarize these
neurons beyond 30 to 25 mV because of a Ca2- Neurons isolated from mammals tend to have small syn-
aptic terminals and complex morphologies, making itactivated K conductance (Ashmore and Falk, 1980;
Burrone and Lagnado, 1997). We mimicked the effect difficult to study exocytosis and endocytosis using the
capacitance technique. One recent exception is theof light by making current-clamp recordings with K
conductances active. Figure 4A shows changes in the study of Pan et al. (2001), in which the capacitance
technique was used to detect exocytosis in isolatedarea of the footprint in response to current steps of 2
pA and20 pA, both lasting 5 s. The membrane potential terminals of rat bipolar cells. To test the possibility of
using IRM to make real-time measurements at a mam-during the 20 pA step averaged28 mV, and this caused
twice the peak increase in area triggered by the 2 pA malian synapse, we used bipolar cells isolated from the
retina of mouse. The terminals were typically 3–4 mstep, which depolarized the cell to 29 mV. Thus, a
depolarization of just 1 mV over this voltage range across (Figures 5A and 5B) but yielded clear footprints,
often sending out a number of short processes (Figurecaused a large increase in the amount of exocytosis,
demonstrating the exquisite sensitivity of this ribbon 5B). Figure 5B shows examples of “difference” images
obtained before, during, and after a 500 ms depolariza-synapse (Burrone and Lagnado, 2000).
A comparison of exocytic response at physiological tion from 70 mV to 20 mV. The complete difference
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Figure 5. Exocytosis and Endocytosis Mea-
sured in the Synaptic Terminal of a Mouse
Neuron
(A) Transmitted light image of depolarizing
bipolar cell isolated from the retina of a
mouse.
(B) IRM image showing the “footprint” of a
mouse bipolar cell (a) and the difference im-
ages at rest (b), 1.52 s after the beginning of
a 0.5 s depolarization (c), and 19 s after the
end of the stimulus (d).
(C) The time course of the change in area of
the footprint in (B) (as a percentage of the
area at rest). The timing of the depolarization
is shown by the solid bar.
(D) Averaged response triggered by a 0.5 s
depolarization (n  17 cells). Two phases of
exocytosis were observed. First, release of
the RRP increased the area by 0.5%. Second,
the area increased at a rate of 2.2% s1
(red line).
image sequence is included in Supplemental Movie S3 Fusion of Individual Granules Visualized
in Chromaffin Cells(http://www.neuron.org/cgi/content/full/40/6/1075/DC1),
and the time course of the change in area is shown in Neuroendocrine cells and related cell lines are widely
used in the study of Ca2-triggered secretion (Bader etFigure 5C. A notable feature of this response was the
large increase in surface area that occurred after the al., 2002; Barg et al., 2002). Although the organelle fusing
with the surface membrane is a dense-core granuleend of the stimulus, indicating asynchronous release
driven by residual Ca2. Membrane retrieval was com- about 300 nm in diameter, these cell types have provided
a number of important insights into the function of pro-plete over a period of 10 s.
The exocytic response to a 500 ms depolarization teins that are also involved in exocytosis at the synapse
(Rettig and Neher, 2002). We therefore investigated theaveraged from 17 terminals is shown in Figure 5D. The
peak increase in area was about 2.9%, which is compa- use of IRM to study exocytosis in bovine chromaffin
cells. Figure 6A shows the footprint of a chromaffin cellrable to the relative increase in capacitance measured
by Pan et al. (2001) in rat bipolar cells. Using IRM, we together with “difference” images obtained before, dur-
ing, and after a 500 ms depolarization from 80 mV towere also able to monitor the increase in area occurring
during depolarization. There appeared to be two phases 10 mV. The most striking effect of stimulation was the
appearance of discrete bright spots within the footprint,of exocytosis: an area increase of 0.5% occurred
within 40 ms, followed by a steady increase at a rate of indicating local regions of membrane that were raised
from the surface of the coverslip. The whole response2.2% s1 for about 1 s (red line in Figure 5D). Thus, mouse
bipolar cells contain at least two vesicle populations that is shown in Supplemental Movie S4 (http://www.neuron.
org/cgi/content/full/40/6/1075/DC1), and the time courseare released at different rates in response to depolariza-
tion. We estimated the size of the rapidly releasable of the intensity change in the center of two of these spots
is shown in Figure 6B. The signal reached a maximumpool (RRP) as 0.5% of the resting surface area by extrap-
olating the linear phase of area increase back to the start 80–120 ms after its onset and then declined to baseline
over the next few seconds. The mean delay betweenof the stimulus. The average area of these footprints was
12.1 1.6 m2, so the 0.5% increase caused by release the start of depolarization and the intensity peak in these
spots was of 310  4 ms (range from 70 ms to 1.82 s,of the RRP represented an area of about 0.06m2, equiv-
alent to9 vesicles with a diameter of 46 nm. A spherical n  61). On average, a 500 ms stimulus triggered the
appearance of 6.6 0.7 spots in footprints with an areaterminal with a diameter of 3.8 m would have a surface
area of 35 m2, so the average footprint was roughly of 49  8 m2 (n  11), or about 0.13 events per m2.
We tested how the bright spots that appeared under30% of the total membrane area. We therefore estimate
that the rapidly releasable pool (RRP) in mouse bipolar IRM might be related to secretion by simultaneously
imaging individual fusion events using TIRFM. Granulescells is composed of about 30 vesicles, while the slow
phase of exocytosis occurred at a rate of190 vesicles/ were labeled with FM4-64 (Experimental Procedures),
and fusion events were detected as the “burst” of fluo-s. Both these estimates would be doubled if vesicles
were only 30 nm in diameter. A useful application of IRM rescence caused by diffusion of the dye into the footprint
(Steyer et al., 1997; Zenisek et al., 2002). A depolarizationmay be as a real-time assay for endocytosis at small
synaptic terminals inaccessible to the capacitance tech- from80 mV to10 mV lasting 500 ms caused discrete
bursts of fluorescence in the TIRFM image that superim-nique.
Exocytosis Monitored by Light Interference
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Figure 6. Fusion of Individual Granules in
Bovine Chromaffin Cells Visualized by IRM
and TIRFM
(A) Footprint of a chromaffin cell (a) and differ-
ence images showing the footprint at rest (b),
0.36 s after the beginning of a 0.5 s depolar-
ization (c), and 3 s after the end of the stimu-
lus (d).
(B) The time course of the intensity change at
the center of the bright spots arrowed in (A).
(C) Visualization of the fusion of a single gran-
ule by simultaneous IRM (left) and TIRFM
(middle). The right side shows the superimpo-
sition of the TIRFM image (red) and IRM im-
age (green). Release of FM4-64 colocalized
with the appearance of a bright spot in the
footprint.
(D) Comparison of the averaged time course
of the IRM and TIRFM signal at the center of
11 different fusion events from 6 cells. Note
that the release of FM4-64 occurred in a burst
that declined rapidly, while the IRM signal did
not recover on this timescale.
posed in space and time with the appearance of bright Figure 7A. In Figure 7B the same results are used to
plot the capacitance change against an estimate of thespots under IRM. An example of spatial colocalization
from a footprint in which the stimulus triggered fusion total number of fusion events in the cell, obtained by
multiplying the number of bright spots per unit areaof just one granule is shown in Figure 6C, and superim-
posed TIRFM and IRM signals are shown in Supplemen- by the total surface area measured from the resting
capacitance (assuming a specific membrane capaci-tal Movie S5 (http://www.neuron.org/cgi/content/full/
40/6/1075/DC1). The temporal correlation between fu- tance of 8 fF m2). The slope of the line through the
points is 1.43 fF/granule, which is in close agreementsion of the granule and appearance of the bright spot
in the IRM signal is shown in Figure 6D. Of 15 fusion with the average capacitance of chromaffin cell granules
measured in cell-attached patches (Ales et al., 1999).events detected by the release of FM4-64, 14 were asso-
ciated with the appearance of a bright spot in the IRM These results provide further support for the conclusion
that bright spots appearing in IRM images were causedimage (6 cells). We conclude that the IRM technique
provides a direct method for detecting the place and by the fusion of individual granules. Unlike synaptic ter-
minals, changes in the area of the footprint did not corre-time of granule fusion in neuroendocrine cells.
The capacitance response triggered by a 500 ms de- late with changes in total membrane area measured by
capacitance (Figure 7D). The quantification of triggeredpolarization was correlated with the density of granules
fusing in the footprint of the same cell, as shown in exocytosis from secretory granules must therefore be
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may also be expected to reflect transmitter release. Ad-
vantages of IRM over the capacitance technique are
that it provides a continuous readout of exocytosis, does
not require the cell to be voltage clamped, and can be
applied to small neurons with complicated morpholo-
gies. Like TIRFM, IRM allows the visualization of fusion
by individual granules in neuroendocrine cells but at a
lower cost and without fluorescence photodamage. An
important disadvantage of the IRM technique is that,
like TIRFM, it cannot be applied to intact synapses be-
cause it requires that the presynaptic membrane be
attached to a glass coverslip. Like the capacitance tech-
nique, IRM measures changes in surface area due to
the net difference between exocytosis and endocytosis
at the synapse. But IRM provides a direct measure of
secretion from granules in chromaffin cells because indi-
vidual fusion events can be counted.
Rapid Collapse of Small Vesicles and Slow
Collapse of Large Granules
IRM can measure changes in the distance between the
surface membrane and substratum of the order of tens
of nanometers (Izzard and Lochner, 1976; Gingell and
Todd, 1979; Weber, 2003). This resolution revealed a
fundamental difference in the way in which small synap-
tic vesicles and large granules fuse with the surface
membrane. Exocytosis in synaptic terminals caused
membrane to spread across glass within tens of millisec-
onds, indicating that vesicles rapidly collapsed into the
Figure 7. Fusion of Granules Visualized by IRM Correlated with the surface (Figures 1–5). In contrast, exocytosis in chromaf-
Capacitance Response fin cells caused the appearance of discrete surface inva-
(A) The relation between the capacitance increase in a chromaffin ginations that remained elevated for seconds at the site
cell and the number of granules fusing per unit area of the footprint. of fusion, indicating that the collapse of granules was
Each point represents a simultaneous measurement from one cell
much slower (Figure 6). Evidence that granules in PC12(n  19 cells). The correlation coefficient was 0.72.
cells also form a long-lived membrane invagination after(B) The relation between the capacitance increase in a chromaffin
cell and the total number of granules fusing, estimated as described fusion has been obtained by imaging a cytoplasmic
in the text. The line through the points has a slope of 1.43 fF/granule. marker using TIRFM: at sites of granule fusion, the
(C) The relation between the capacitance increase in a chromaffin marker was excluded from spots in the evanescent field
cell, expressed as a percentage of the resting capacitance, and the close to the coverslip (Taraska et al., 2003). The origins
change in the area of the footprint. Each point represents simultane-
of the signals that we have used to detect fusion ofous measurements from one cell, made immediately after the depo-
small vesicles and large granules by IRM are shownlarizing stimulus. The change in the area of the footprint did not
correlate with the increase in surface area measured by capacitance. schematically in Figure 8.
There is increasing evidence that synaptic vesicles
do not always collapse into the surface membrane when
carried out by counting bright spots appearing within exocytosis is stimulated (Klyachko and Jackson, 2002;
the footprint and not by measuring expansion of the Gandhi and Stevens, 2003; Aravanis et al., 2003). Mecha-
footprint. nisms by which vesicles communicate with the external
medium while remaining intact are generally termed
“kiss-and-run,” and these are thought to involve exo-Discussion
cytosis through a fusion pore that opens transiently
(Valtorta et al., 2001). Vesicles communicating with theWe have described how IRM can be used to provide a
real-time assay of exocytosis and endocytosis at syn- outside through a fusion pore are still expected to gener-
ate a capacitance increase (Albillos et al., 1997), butapses and neuroendocrine cells with examples from
three different preparations: a neuron from the goldfish comparison of capacitance and IRM measurements in
bipolar cell terminals indicated that most or all exo-retina with a giant synaptic terminal, a neuron from the
mouse retina with a small synaptic terminal, and bovine cytosis in the footprint resulted in membrane expansion
as well as a capacitance increase (Figure 2B). Thesechromaffin cells. IRM provides detailed information
about the kinetics of exocytosis and endocytosis, com- results, therefore, indicate that most vesicles in the syn-
aptic terminal of bipolar cells rapidly collapse with theparable to other real-time methods such as the capaci-
tance technique or fluorescent membrane dyes (Angleson surface membrane. This conclusion is consistent with
recent work using TIRFM demonstrating that FM1-43 inand Betz, 1997). Capacitance responses in bipolar cells
correlate with the release of glutamate (von Gersdorff the vesicle membrane rapidly mixes with the lipids of
the surface following fusion (Zenisek et al., 2002). Theet al., 1998), so exocytic responses monitored by IRM
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course, an individual omega shape that is the size of a
synaptic vesicle will generate a smaller signal than a
granule in a chromaffin cell. It will also be interesting to
identify the processes responsible for the slow decline
in the IRM signal at sites of granule fusion in chromaffin
cells (Figure 6B): does this decline reflect endocytosis,
or slow collapse of the granule, or both? Finally, the
visualization of fusion by dense-core granules may also
make IRM a useful method for studying Ca2-triggered
secretion in cell-free systems (Avery et al., 2000; Holroyd
et al., 2002).
Experimental Procedures
Interference Reflection Microscopy
IRM was introduced into cell biology by Curtis (1964). The theory of
image formation has been described in detail by Izzard and Lochner
(1976) and Verschueren (1985). The method depends on the fact
that light is reflected at the interface between media of different
refractive indices. When a cell on a coverslip is observed under epi-
illumination using an oil-immersion objective, the first two interfaces
where the light is reflected are the glass-solution and the solution-
cell boundaries (Figure 1A). If the thickness of the aqueous solution
is of the order of the wavelength of light used (), the two reflected
Figure 8. The Basis of the Different IRM Signals in Synaptic Termi- beams, R1 and R2, interfere. The optical path difference (	) between
nals and Chromaffin Cells R1 and R2 depends on the distance between the interfaces (d). If
Schematic diagram showing the rapid and full collapse of a synaptic d  0, 	  /2, and there is maximum destructive interference. The
vesicle, resulting in membrane expansion and enlargement of the two beams are half a wavelength out of phase because R2 is reflected
footprint detected by IRM (left). In contrast, fusion of a dense-core at the interface between a medium of low refractive index (aqueous
solution, n2) and higher refractive index (cell membrane, n3), causinggranule in a chromaffin cell generates a spatially distinct invagi-
a phase change of 
. There is no phase change for R1 becausenation of the surface membrane that is detected as the appearance
it is reflected at the interface between the glass and aqueous solu-of a bright spot within the footprint (right).
tion of lower refractive index. The IRM image of the region around
a cell is bright because only the reflected beam R1 is imaged. The
dark “footprint” occurs in the region where the membrane is sepa-
relative importance of exocytosis by kiss-and-run as rated from glass by distances less than about 100 nm, causing
opposed to full collapse may depend on the synapse in destructive interference between reflected beams R1 and R2 (Figure
question. For instance, Gandhi and Stevens (2003) found 1C). If the separation between membrane and glass increases within
the footprint, it will brighten. In general, maximal destructive interfer-that kiss-and-run was much less prevalent at hippocam-
ence occurs when 	  N, and constructive interference occurspal boutons with high release probability compared to
when 	  (N  1/2), where N is an integer. Thus, interferencethose with low.
patterns can also arise due to reflections at structures within the
cell or at its upper surface. These contributions can be minimized
by using objectives of high numerical aperture, allowing the selec-Further Investigation of IRM as a Method
tive visualization of the zero-order interference pattern arising from
to Study Secretion optical path differences less than one wavelength (Izzard and
Basic aspects of the IRM signals associated with exo- Lochner, 1976).
cytosis and endocytosis deserve further investigation. We implemented IRM in a simple way, shown in Figure 1B. An
inverted epi-fluorescence microscope (Zeiss Axiovert, 135 M) wasFor instance, the footprints of synaptic terminals did not
used with a half-silvered mirror (Omega Optical) in the filter block.expand uniformly when exocytosis occurred. In goldfish
Illumination was provided by white light from a tungsten filamentbipolar cells, expansion tended to localize to one or two lamp of 150 W and imaging performed with a 63 objective with
areas (Supplemental Movie S2 at http://www.neuron. numerical aperture of 1.4. The image was magnified 2-fold with a
org/cgi/content/full/40/6/1075/DC1), while in mouse bi- telescope placed between the microscope and the CCD camera
(Cohu 4910 series). The contrast and gain were altered using anpolar cells responses were commonly observed in the
Argus 10 image processor (Hamamatsu), and the video signals wereprocesses formed by the terminal (Supplemental Movie
digitized by an LG-3 board (Scion Corporation) driven by NIH ImageS3). An intriguing possibility is that these localized re-
software. Image acquisition was triggered by a TTL signal from a
sponses reflect the distribution of active zones within second computer used for electrophysiology. Monochromatic light
the footprint. This idea might be investigated by combin- is usually used for IRM (Izzard and Lochner, 1976), but we found
that the signal-to-noise ratio in measurements of the area of theing TIRFM and IRM to localize sites of Ca2 influx, vesicle
footprint improved with higher intensities, and therefore we usedfusion, and ribbons (Zenisek et al., 2003).
white light. The contrast in IRM images can be degraded by scat-It will also be interesting to investigate whether IRM
tered light in the objective, and this problem is often overcome using
might give insights into the process of vesicle fusion or an antiflex objective with a rotatable quarter-wave plate on the front
retrieval. The results we have presented indicate that lens together with plane polarizers in the incident and reflected light
paths (Ploem, 1975; Verschueren, 1985). We found that contrastsmall vesicles undergoing exocytosis collapse into the
enhancement with an image processor provided an easier solutionsurface membrane within 40–80 ms, but imaging at
for the applications described in this paper.higher time resolution with cameras of higher dynamic
range might allow the detection of omega-shaped de- Analysis of IRM Images
flections of the surface membrane associated with exo- Bipolar cell terminals produced relatively uniform footprints (Figures
1C and 5B). The area of these footprints was measured in NIH Imagecytosis and/or endocytosis (Koenig et al., 1998). Of
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or Image-J software using macros that operated on the raw movie using IPLab (Scanalytics) and Igor Pro (WaveMetrics). The shift re-
quired to align TIRFM and IRM images in the red and green channelsassociated with a single stimulus. These movies were acquired with
8-bit resolution. The first video frame in the sequence was thresh- was measured using 100 nm diameter fluorescent beads double-
labeled red and green (Tetraspeck, Molecular Probes). Image acqui-olded to define the footprint but reject the surround. The value of
this threshold was checked visually by the experimenter by high- sition was synchronized with electrophysiological recording by trig-
gering using a Master-8 pulse generator (AMPI) that also controlledlighting the pixels above the threshold. Next, all the pixels in the
largest contiguous region defined by this threshold were counted. the shutter in the laser path. A camera exposure signal time was
digitized along with the membrane current using PClamp 8.0 soft-The same threshold value was used for the area measurement in
all frames of a stimulus movie. Examples of footprints defined and ware (Axon Instruments, CA) to record the timing of each frame
relative to electrophysiological signals.measured in this way are shown in Figure 1D. The frames within the
raw movie were not altered during this procedure. For imaging granules with TIRFM, chromaffin cells were incubated
with the membrane dye FM4-64 (10 M, Molecular Probes) for 18A convenient way of visualizing the change in the area of the
footprint was to make a “difference movie” by averaging 25 video to 48 hr and washed for at least 30 min prior to the start of the
experiment. Although acridine orange is often used to label granulesframes from the beginning of a sequence and subtracting this “rest-
ing” image from all the individual frames in the sequence. Difference in chromaffin cells (Steyer et al., 1997), we preferred to label with
FM4-64 for two reasons. First, we needed a dye that emitted at longmovies were made by converting the raw 8-bit movies to 64-bit
floating point, thereby allowing pixels to have negative as well as wavelengths that could be separated from green light used for IRM.
Second, granules labeled with acridine orange had a tendency topositive values. In a difference movie, areas of no change appear
gray with pixel values of zero, while areas where the footprint ex- fuse spontaneously when exposed to the laser used for TIRFM
illumination, and this problem was not encountered when granulespands appear darker with negative pixel values (Figure 1D; Supple-
mental Movies S2 and S3 at http://www.neuron.org/cgi/content/ were labeled with FM4-64. Incubation with FM4-64 labeled fewer
granules than acridine orange, perhaps because it partitioned intofull/40/6/1075/DC1). Areas where the membrane elevates from the
surface appear brighter and have positive values (Figure 6C; Supple- the most recently synthesized granules.
mental Movie S4). Difference movies were particularly useful in visu-
alizing the bright spots within a footprint caused by fusion of gran-
Cell Preparation and Electrophysiologyules in chromaffin cells.
Depolarizing bipolar cells were isolated from the retina of goldfishThe average area of the footprint of a goldfish bipolar cell terminal
by enzymatic digestion, as described previously (Burrone and Lag-was 28.7m2. The total surface area of the average terminal is about
nado, 1997; Neves and Lagnado, 1999), and plated onto borosilicate388 m2, calculated from an average terminal capacitance of 3.1
glass coverslips coated with poly-L-lysine. Cells formed footprintspF (Neves and Lagnado, 1999), assuming a specific membrane ca-
against the glass within about 20 min, after which the chamber couldpacitance of 8 fF m2. Thus, the footprint sampled only about 7%
be continuously perfused. Depolarizing bipolar cells from the retinaeof the total surface area. The terminals of mouse bipolar cells were
of C57 mice were isolated from animals at P28–P36 following theflatter against the coverslip and we estimated that the average foot-
protocol described by Kaneko et al. (1989) and plated in the sameprint sampled about 30% of the surface area (see text).
way. Bovine chromaffin cells were prepared by the methods of
Seward and Nowycky (1996).
Whole-cell patch clamp and capacitance recordings were per-Combination of IRM with TIRFM
An Axiovert 100 inverted microscope (Zeiss) was modified for formed at room temperature from the soma of retinal bipolar neurons
using methods described by Neves and Lagnado (1999). The peak-“through-the-objective” TIRFM by removal of the normal epifluores-
cence condenser (Axelrod, 1989, 2001). Illumination was provided to-peak amplitude of the sinusoidal command voltage used to make
capacitance measurements was 50 mV, applied from a holding po-by the 488 nm line of an Argon Ion laser (100 mW, Melles Griot)
coupled through a single-mode fiber (Point-Source). The beam was tential of 70 mV. The Ringer’s solution for neurons from goldfish
contained the following (in mM): 120 NaCl, 2.5 KCl, 1 MgCl2, 2.5expanded 10 (Edmund Optics) and then reflected through the
epifluorescence port of the microscope by a mirror at angle of 45 CaCl2, 10 glucose, 10 HEPES (pH 7.3), 280 mOsm/kg1. The Ringer’s
solution for neurons from mouse contained: 105 NaCl, 10 TEA-Cl,that reflected the beam in parallel with the optical axis of the micro-
scope. The beam was focused to the back focal plane of a 1.45 NA 2.5 CsCl, 1 MgCl2, 5 CaCl2, 1.25 NaH2PO4, 26 NaHCO3, 10 glucose (pH
7.42) with 95% O2/5% CO2, 300 mOsm/kg1. The Ringer’s solution for60 oil-immersion objective (Olympus Optical Co.) by means of a
convex lens (f 400 mm). Translation of the mirror altered the radial bovine chromaffin cells contained: 140 NaCl, 2.5 KCl, 1 MgCl2, 2.5
CaCl2, 10 glucose, 10 HEPES (pH 7.42), 300 mOsm/kg1. Pipetteposition of the laser beam in the back focal plane of the objective
and, therefore, the angle at which it left the objective. Positioning solution for recording from goldfish bipolar cells contained 110 Cs-
methane sulphonate, 10 TEA-Cl, 5 MgCl2, 3 Na2ATP, 1 Na2GTP, 20the beam at the periphery of the objective caused it to suffer total
internal reflection at the interface between the coverslip and aque- HEPES, 0.4 BAPTA (pH 7.2), 260 mOsm/kg1. In some experiments
the BAPTA concentration was increased to 10 mM (as indicated inous medium. The length constant of the evanescent field was calcu-
lated as 100 nm, assuming a cell refractive index of 1.38. text). For current-clamp experiments, the electrode solution con-
tained 120 mM KCl instead of Cs-methane sulphonate and TEA-Cl.To use TIRFM and IRM simultaneously, a combining cube (Ed-
mund Optics) was placed in the optical path, after the focusing lens. Intracellular solutions for both mouse and bovine chromaffin cells
contained: 120 Cs-methane sulphonate, 10 TEA-Cl, 5 MgCl2, 3This cube combined the laser beam for TIRFM with the collimated
beam from a xenon lamp for IRM. The IRM beam was transmitted Na2ATP, 1 Na2GTP, 20 HEPES, 0.4 BAPTA (pH 7.2), 275 mOsm/
kg1. Recombinant light chain of botulinum toxin E was preparedthrough a band-pass filter (535DF35; Omega Optical). The dichroic
mirror in the filter block of the microscope (490-600DBDR; XF2042, as described by Vaidyanathan et al. (1999) and dialyzed against the
intracellular solution before dilution to a concentration of 500 nM.Omega Optical) reflected 90% of the TIRFM beam at 488 nm and
50% of the IRM beam at 535 nm. This mirror also transmitted Capacitance measurements made with a patch pipette on the cell
body can underestimate capacitance changes in the terminal if the80% at wavelengths longer than 630 nm, allowing the collection
of the red fluorescence of FM4-64. The green IRM image and red resistance of the axon connecting the two compartments is too
high. To minimize this problem, we used cells with short fat axonsTIRFM image were magnified 3 and projected onto the CCD of a
Princeton Instruments Pentamax Intensified camera (Roper Scien- (estimated resistance less than about 20 M) and sinusoidal com-
mand signals at frequencies lower than a few hundred Hertz (Men-tific). To allow simultaneous collection of the two images, an image
splitter (Cairn Optosplit) separated the red and green images using nerick et al., 1997). To maximize the signal-to-noise ratio of measure-
ments in intact cells, the frequency of the sinusoidal commanda dichroic mirror (595DCXR, Chroma Technology Corp.) and filters
(HQ535/50 for green channel and HQ665LP for red). A weak convex voltage (f) should be set according to the expression f  1/(2

RsCm), where Rs is the series resistance and Cm is the cell capaci-lens (f  630 mm) was placed in the red channel to make it parfocal
with the green channel. tance (see Gillis, 1995). Thus, for a typical intact cell (Cm  12 pF;
Rs  25 M), f was 530 Hz. We used this estimate of the optimalImages were acquired at 30 Hz using Winview 32 v2.5.A acquisi-
tion software (Roper Scientific). Image analysis was later performed frequency as an upper limit. Evidence that we did not underestimate
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capacitance changes in the terminal using a pipette on the cell body de Kock, C.P., Wierda, K.D., Bosman, L.W., Min, R., Koksma, J.J.,
Mansvelder, H.D., Verhage, M., and Brussaard, A.B. (2003). Somato-is provided in Figure 3E, which shows that the average capacitance
response to a 500 ms depolarization was 160 fF, which was about dendritic secretion in oxytocin neurons is upregulated during the
female reproductive cycle. J. Neurosci. 23, 2726–2734.50% higher than that measured in detached terminals by Mennerick
and Matthews (1996) and Neves and Lagnado (1999) but within the Duncan, R.R., Greaves, J., Wiegand, U.K., Matskevich, I., Bodam-
range measured by von Gersdorff et al. (1998) and Neves et al. mer, G., Apps, D.K., Shipston, M.J., and Chow, R.H. (2003). Func-
(2001a). The axonal resistance does not alter the relative time course tional and spatial segregation of secretory vesicle pools according
of the fall in capacitance after a stimulus and does not, therefore, to vesicle age. Nature 422, 176–180.
affect measurements of the rate of endocytosis shown in Figure 3E.
Gandhi, S.P., and Stevens, C.F. (2003). Three modes of synaptic
vesicular recycling revealed by single-vesicle imaging. Nature
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